SA. The extracellular calcium-sensing receptor is required for cholecystokinin secretion in response to L-phenylalanine in acutely isolated intestinal I cells.
established for its role in serum calcium homeostasis (17, 19) . This G protein-coupled receptor is directly activated in response to inorganic and organic polycations and is also allosterically activated by phenylalkylamine type II calcimimetics and aromatic L-amino acids, such as L-Phe, in the presence of physiological calcium concentrations (12) . The CaSR has been proposed to function as an L-amino acid sensor and as a mediator of hormone secretion in the gastrointestinal tract. Indeed, among many other tissue types, the CaSR has also been localized on the pancreatic ␤-cell (33, 39) , enteroendocrine cells of the colonic mucosa (39) , and gastrin-secreting G cells of the stomach (34) .
Given that L-Phe is a known CCK secretagogue, the possibility remains that the CaSR mediates amino acid-induced CCK secretion by the I cell (11) . In a recent STC-1 cell study, phenylalanine-induced mobilization of intracellular calcium and CCK secretion was inhibited with the allosteric CaSR inhibitor NPS2143 (16) , further supporting a putative role for the CaSR in CCK secretion. However, it is unknown whether this receptor is functionally expressed by the native intestinal I cell, and whether it functions to regulate L-amino acid-induced CCK secretion as a nutrient sensor.
In this study, we tested the hypothesis that the CaSR serves as an amino acid sensor, modulating L-Phe-induced CCK secretion from native intestinal I cells isolated from CCKenhanced green fluorescent protein (eGFP) mice. We demonstrate that CaSR is expressed on these cells and is required for hormone secretion in response to direct stimulation with L-Phe, and that this response is enhanced in the presence of additional extracellular calcium.
MATERIALS AND METHODS
Materials. L-Phe, D-Phe, and CaCl2 (cell culture grade) were purchased from Sigma (St. Louis, MO). Tryptone, a pancreatic digest of casein, was obtained from BD Biosciences (San Jose, CA). Cinacalcet was purified from Sensipar (Amgen, Thousand Oaks, CA).
Experimental animals. Transgenic mice with CCK promoter-driven eGFP were obtained from the Mutant Mouse Regional Resource Center (Davis, CA) and were used as the wild-type (WT) control (CaSR ϩ/ϩ PTH ϩ/ϩ CCK-eGFP) for acutely isolated cell studies. CaSR and parathyroid hormone (PTH) double homozygous knockout (KO) mice (a generous gift of Drs. Claudine Kos and Martin Pollack, Brigham and Women's Hospital) were previously derived and characterized (19) . Knocking out the PTH was required to rescue the CaSR Ϫ/Ϫ phenotype from bone abnormalities and premature death and was assumed to not affect gastrointestinal hormone secretion (17) . The CaSR and PTH double homozygous KO mice (CaSR PTH Ϫ/Ϫ ) were crossed with the CCK-eGFP transgenic mice to evaluate the functional role of CaSR in isolated CCK-eGFP cells.
Animals were bred and maintained according to the National Institutes of Health Institutional Animal Care and Use Committee (ACUC) guidelines, following independent protocol review and approval by the National Institute of Diabetes and Digestive and Kidney Diseases ACUC.
Mouse genotyping. Tail DNA was extracted using hot 50 mM NaOH and 1 M Tris·HCl, pH 8.0. Genomic DNA samples were amplified for CaSR and PTH using primers described previously (19) . Presence of the eGFP transgene was determined using the following primers: EGFP-F1, 5= CCA CCA GTT CAG CGT GTC C 3=; and EGFP-R1, 5= GTT GTA CTC CAG CTT GTG C 3=. All PCR reactions were performed using the Invitrogen Platinum Taq DNA Polymerase High Fidelity system (Invitrogen, Carlsbad, CA) with 35 cycles of 94°C for 2 min, 94°C for 30 s, 55°C for 30 s, and 68°C for 45 s to 1 min, with a final 7-min extension at 68°C. Amplified samples were resolved on a 1.5% ethidium-bromide-stained agarose gel and examined for positive band products of the appropriate sizes.
Isolation of intestinal endocrine cells. Adult mice were euthanized, and a 5-to 6-cm proximal segment of duodenum was collected, washed, and incubated in 1 mM EDTA-Dulbecco's phosphate-buffered saline (DPBS) solution for 20 min in a 37°C shaking water bath. After washing, tissue was incubated for another 20 min in 50 -75 U/ml collagenase (Worthington Chemical, CLPSA grade) in cell culture media. Cells were resuspended and filtered through 30-m and 20-m nylon filters (Spectrum Laboratories, Laguna Hills, CA) to obtain a dispersed single-cell population. Cells were washed, resuspended in fluorescent-activated cell sorting (FACS) sorting buffer (5% FBS, 50 g/ml DNase I in phenol-free DMEM), and underwent FACS (BD FACS ARIA machine, BD Biosciences, San Jose, CA).
Approximately 30,000 eGFP cells were sorted based on GFP fluorescence (Fig. 1, A and B) and collected into a tube with 10% FBS-phenol-free DMEM. For RT-PCR studies, a non-eGFP cell population (FITC Ͻ 10 2 ), comprising primarily of enterocytes, but may also include goblet cells, lymphocytes, and non-eGFP endocrine cells, was simultaneously sorted into a separate collection tube. Examination of isolated eGFP cells demonstrated minimal to no mRNA contamination from enterocytes or goblet cells (data not shown) and were confirmed to be both GFP and CCK immunopositive (Fig. 1C) .
Immunofluorescent staining. For confirmatory studies, FAC-sorted eGFP cells were dried on positively charged slides, washed in PBS, and stained with a 1:2,000 dilution of rabbit anti-CCK antibody (Peninsula Laboratories, Torrance, CA) and a 1:1,000 dilution of mouse anti-GFP in 1% bovine serum albumin (BSA)-PBS overnight at 4°C. After washing, slides were incubated for 1 h with Alexafluor 594 goat anti-rabbit IgG secondary antibody and Pacific Blue conjugated goat anti-mouse IgG secondary antibody (Invitrogen).
For CaSR immunostaining of whole tissue sections, previously genotyped mice were euthanized and intracardially perfused with cold 0.9% NaCl, followed by fixation with fresh cold 4% paraformaldehyde (PFA) in PBS. Stomach antrum and ϳ2-3 cm of proximal duodenum were collected, trimmed of pancreatic tissue, and submerged in 4% PFA-PBS for 2-3 h at room temperature before final rinse with PBS and transfer into 70% ethanol. Tissue was submitted to Histoserv (Germantown, MD) for paraffin embedding and sectioning (5-m slices). Sections were deparaffinized, rehydrated, and underwent antigen retrieval, as previously described (15) . Briefly, slides were placed in a beaker containing citrate buffer solution (pH 6.0) with 0.1% Tween and boiled over a hotplate for 40 min. The sections were immediately cooled in Tris-buffered saline (0.05 mol/l; pH 7.6) containing 5% goat serum for 30 min, followed by incubation with PBS blocking buffer containing 3% BSA for 30 min. Sections were incubated with either 1:200, 1:500, or 1:1,000 dilutions of mouse monoclonal anti-human CaSR antibody (ADD; Affinity Bioreagents, Rockford, IL) in blocking buffer for 48 h at 4°C. After PBS washing, slides were incubated in 1:1,000 goat anti-mouse IgG AlexaFluor secondary antibody (Invitrogen) in blocking buffer for 1 h at room temperature. Coverslips were mounted with Dako Glycerogel mounting medium (Dako, Carpinteria, CA) and viewed under a Zeiss LSM 510 Meta confocal microscope. After viewing, coverslips were carefully removed by incubating slides in a warm water bath. The blocking procedure was repeated, and the slides were incubated with a 1:500 dilution of rabbit anti-CCK antibody (Peninsula Laboratories/ Bachem, Torrance, CA) overnight at 4°C, followed by a 1:500 dilution of goat anti-rabbit AlexaFluor secondary antibody for 2 h at room temperature. Fresh coverslips were remounted, and slides were viewed under confocal microscopy with LP650 and BP 505-530 emission filters to ensure no bleed-through of green fluorescence into the red spectrum. Slides with a CaSR dilution of 1:500 and 1:1,000 were most optimal. A similar procedure was followed, with the fluorescent spectra of the secondary antibodies reversed. For immu- nostaining of fresh tissue, duodenal villus samples were isolated by incubation in 2 mM EDTA-DPBS (30 min, 4°C), followed by gentle pipetting and centrifugation (250 g, 2 min). The villus samples were immediately incubated with mouse anti-CaSR monoclonal antibody (1:50; MA1-934, Thermo Scientific, Fremont, CA) for 30 min at 4°C, centrifuge washed, and incubated with the appropriate Alexa Fluor 633 anti-mouse IgG secondary antibody (Invitrogen) for 30 min at 4°C in 1% BSA-DPBS. After being washed twice with cold DPBS, immunostained villi were fixed with 4% PFA and analyzed by confocal microscopy.
RNA extraction and RT-PCR. RNA was extracted from FAC-sorted CCK-eGFP-positive cells and non-eGFP cells with Trizol Reagent (Invitrogen) and 20% phenol-chloroform isoamyl-alcohol (Invitrogen). The aqueous phase was ethanol precipitated and resuspended in 11.5 l of DPEC water. Reverse transcription of total RNA was performed using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, San Jose, CA) and run under the following thermocylcer conditions: 10 min at 25°C, 60 min at 50°C, and 5 min at 94°C. The qPCR reaction was performed using an Applied Biosystems
Step One System with a 20-l reaction volume made of 2ϫ master mix (with 1 l target probe), 20ϫ assay mix, 10ϫ amplified cDNA sample, and water using optimized target probes (Applied Biosystems) for CaSR (Mm00443375_m1), Tas1R3 (Mm00473459_g1), Tas1R1 (Mm00473433_m1), GPR92 (Mm02621109_s1), and PepT1 (slc15a1; Mm00453524_m1). The ABI preset cycling conditions were 1 cycle for 2 min at 50°C and 1 cycle for 10 min at 95°C, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Detection of amplification relied on monitoring a reporter dye (6-FAM).
Gene expression was analyzed using the comparative C T method (ABI User Bulletin 2). Relative gene expression was calculated relative to the housekeeping gene, mouse ␤-actin, and represented as 2 Ϫ⌬CT ϫ 1,000. Fold gene expression differences for target genes in the CCK-eGFP cell population relative to the non-eGFP cell population were calculated as 2 Ϫ⌬⌬CT , using the non-eGFP cell population as the calibrator. Statistical significance was determined using a paired t-test between the eGFP and non-eGFP cell ⌬CT values.
Confocal Ca 2ϩ imaging of CCK-eGFP cells. Changes in intracellular Ca 2ϩ concentration ([Ca 2ϩ ]i) in CCK-eGFP cells were measured by confocal Ca 2ϩ imaging using the Ca 2ϩ -sensitive indicator dye, Quest Rhod4 (AAT Bioquest, Sunnyvale, CA). Quest Rhod4 was chosen to minimize overlapping GFP fluorescence emission over 560 nm (i.e., the longest end of eGFP emission spectrum) at 543-nm excitation. In brief, a single-cell suspension of intestinal epithelial cells was prepared, as described previously with EDTA-DPBS and collagenase. After washing, the cells were suspended and loaded with 2 M Quest-Rhod4 in Hank's balanced salt solution supplemented with 10 mM HEPES (HHBSS with 1.26 mM calcium and ϳ1 mM magnesium, pH 7.4) and incubated in subdued light for 30 min at room temperature. Quest Rhod4-loaded cells were then plated on a 15-well -slide (ibidi, Verona, WI) and imaged using a Zeiss LSM510 Meta confocal microscope (Carl Zeiss). Before the Ca 2ϩ imaging, the target CCK-eGFP cell was identified using a 505-550 band-pass filter at 488-nm excitation. The Ca 2ϩ imaging experiment proceeded using a 560 -615 nm emission band-pass filter at 543-nm excitation to measure relative fluorescence intensity (FI) of Quest Rhod4 from the target cell. For each experiment, time-dependent acquisition was performed at 1-s intervals for over 10 min at room temperature. For the data analysis, maximum %increase over baseline was calculated as follows: [peak FI Ϫ basal FI]/basal FI ϫ 100.
CCK releasing assay of FAC-sorted cells. On any given day, cells from only one genotype could be sorted and evaluated for hormone secretion. After sorting, cells were washed and suspended in ice-cold HHBSS to reach a concentration of 1 ϫ 10 4 cells/ml. Approximately 500 -1,000 cells/well were aliquoted into a collagen-coated 96-well plate containing a 2ϫ concentration of ligands. The cells were incubated, in a total volume of 200 l, with the following treatments for 30 min at 37°C, 5% CO2: HHBSS (vehicle), 30 mM L-Phe, 2.54 mM CaCl 2, 30 mM L-Phe and 2.54 mM CaCl2, 30 mM D-Phe, 1% Tryptone, 4 M linolenic acid, and 50 mM KCl. Cinacalcet was resuspended as a 1 mM stock in 100% DMSO and freshly diluted with HHBSS to a 2ϫ working concentration. The final concentration of DMSO for all cinacalcet dosages was 0.05%. All treatments were tested in triplicate wells, and each n was considered as the average of triplicate responses from one single-cell preparation. Total CCK content was determined by adding 0.2% Triton X-100 in distilled water in wells designated for total cell contents. Secretion was halted by placing the plate on ice for 5 min. Cells were pelleted by centrifugation (720 g, 10 min, 4°C), and up to 50 l of supernatant were retrieved and saved at Ϫ20°C until measured. Commercial lactate dehydrogenase assays did not possess adequate sensitivity to monitor cell toxicity in populations of Ͻ1,000 cells; therefore, viability of cells was assessed following each experiment with Trypan blue exclusion and direct epifluorescent microscopy for presence and intensity of eGFP cells. CCK for each treatment replicate was measured in duplicate using the 4-day incubation protocol of a commercially available EURIA-CCK Radioimmunoassay Kit (Alpco Diagnostics, Salem, NH).
Data analysis and statistics. A one-sample t-test was run to compare the effect of individual ligands on CCK secretion compared with baseline within each genotype. Statistical analysis was performed using GraphPad Prism version 5 (San Diego, CA), and significance was accepted at P Ͻ 0.05.
RESULTS

CCK-eGFP cells express CaSR.
Using quantitative RT-PCR, a pure population of acutely isolated CCK-eGFP cells ( Fig. 1 ) was compared with a non-eGFP cell population for the presence of CaSR mRNA transcripts (Fig. 2) . Out of five separate non-eGFP cell populations, only two populations yielded detectable CaSR gene expression with a C T value Ͻ 40. To calculate relative gene expression with a ⌬C T value, the C T values of the other three populations were set to 40. Using this overestimated ⌬C T value for non-eGFP cells, we calculated that CCK-eGFP cells expressed at least 900-fold greater CaSR transcript than non-eGFP cells ( Fig. 2 ; P Ͻ 0.0001). The expression for T1R3 was equivalent between CCK-eGFP and non-eGFP cells, but T1R1 expression was not detectable in either population. In addition, mRNA expression for putative peptone receptor GPR92 and the oligopeptide transporter PepT1 was equivalent between CCK-eGFP and non-eGFP cells.
Given the differential gene expression for CaSR in CCKeGFP cells compared with non-eGFP cells, the presence of CaSR protein was confirmed with immunofluorescent staining in antigen-retrieved, paraffin-embedded duodenal tissue (Fig. 3A) and on the cell surface of eGFP-positive cells from nonfixed and nonpermeabilized fresh duodenal villi (Fig. 3B) of CaSR ϩ/ϩ PTH ϩ/ϩ CCK-eGFP transgenic mice. For fixed tissue sections, all CCK immunoreactive cells were CaSR positive, with true CaSR immunoreactivity accepted as whole cell staining at all optical planes (Fig. 3, A1-A3) . The same staining pattern was evident when the secondary antibody of the opposite emission spectra was reversed (Fig. 3, A7-A9) . No secondary nonspecific staining was evident with exclusion of the primary antibody in both tissue sections (Fig. 3, A4-A6 (Fig. 4) . In CaSR 
Targeted deletion of CaSR inhibits CCK secretion in acutely isolated CCK-eGFP cells. To evaluate the functional role of CaSR on CCK secretion, separately isolated CaSR
(CaSR ϩ/ϩ ) and CaSR Ϫ/Ϫ PTH Ϫ/Ϫ (CaSR Ϫ/Ϫ ) CCK-eGFP cells were subjected to various ligands, and CCK released in the supernatant was measured by radioimmunoassay. Baseline secretion at normal physiological calcium (1.26 mM) concentrations was not significantly different between CaSR ϩ/ϩ and CaSR Ϫ/Ϫ CCK-eGFP cells, measured as 5.8 Ϯ 0.9 and 6.0 Ϯ 0.9% of total CCK content, respectively. In CaSR ϩ/ϩ CCKeGFP cells, L-Phe (30 mM) significantly increased CCK secretion (P Ͻ 0.05; Fig. 5A ). Moreover, additional extracellular calcium (superphysiological at 2.5 mM) enhanced this response by approximately twofold. In contrast, L-Phe did not stimulate CCK secretion in CaSR Ϫ/Ϫ CCK-eGFP cells at both calcium concentrations (Fig. 5B) ; however, a trend toward a 20 -30% decrease in CCK secretion, relative to basal, was evident. Superphysiological calcium alone caused a slight, but insignificant, increase in CCK secretion in CaSR ϩ/ϩ CCKeGFP cells. Similar to what was observed with L-Phe, a trend toward reduced secretion was also observed in CaSR Ϫ/Ϫ CCKeGFP cells in response to superphysiological calcium. Tryptone (1%) elicited a significant increase in CCK secretion in CaSR ϩ/ϩ CCK-eGFP cells (P Ͻ 0.05), but not in the CaSR
CCK-eGFP cells. Although not significantly different from baseline, D-Phe caused a trend toward an increase in CCK secretion in both CaSR ϩ/ϩ and CaSR Ϫ/Ϫ CCK-eGFP cells. Both cell populations were equally and significantly responsive to KCl (P Ͻ 0.01), which was used to assess intra-assay cell viability and secretory potential.
Targeted deletion of CaSR abolishes intracellular Ca 2ϩ flux and negatively inhibits CCK secretion in response to cinacalcet in CCK-eGFP cells.
Type II calcimimetic, cinacalcet, was used to further assess whether the intracellular calcium response and CCK secretion in CCK-eGFP cells was CaSR specific. A 1,000 nM dose has been shown previously to allosterically activate the CaSR (29) . The same dose induced an intracellular Ca 2ϩ response in CasR ϩ/ϩ CCK-eGFP cells (n ϭ 16) that was significantly greater than the response 
observed in CasR
Ϫ/Ϫ CCK-eGFP cells (n ϭ 10; P Ͻ 0.0001; Fig. 6, A and B) . Baseline CCK secretion with a 0.05% DMSO-HHBSS vehicle, relative to total CCK content, was similar in both CaSR WT (6.4 Ϯ 0.8%, n ϭ 6) and KO (6.6 Ϯ 0.7%, n ϭ 5) CCK-eGFP cells. A modest trend toward increased CCK secretion was observed in CaSR ϩ/ϩ CCK-eGFP cells given 1,000 nM cinacalcet, while the same dose caused a significant decrease in CCK secretion ( Fig. 6C ; P Ͻ 0.05). Additionally, both cell types were equally responsive to 50 mM KCl (data not shown).
DISCUSSION
In this study, we provide evidence that the extracellular CaSR is expressed on native intestinal I cells at a gene and protein level. Isolation of native I cells from CCK-eGFP mice or CCK-eGFP mice bred to CaSR PTH double homozygous KO mice enabled evaluation of the CaSR for its putative role in directly mediating CCK secretion in response to L-Phe. Our studies revealed that CCK-eGFP cell activation is CaSR dependent and that CCK secretion in response to direct stimulation with L-Phe is enhanced in the presence of superphysiologi- cal extracellular calcium ([Ca 2ϩ ] o ) levels, implicating that the CaSR serves a nutrient-sensing function to mediate aromatic amino acid-induced CCK secretion in the native intestinal I cell.
Aside from calcium-regulating tissue types, the CaSR is also found in pancreatic ␤-cells (41) and gastrointestinal endocrine cells, including gastrin secreting G cells in the stomach (34) and chromogranin A-staining cells throughout the intestine (39) . CaSR transcript is also evident in the STC-1 cell line (16) , suggesting that CaSR expression is specific to neuroendocrine cells. Conflicting evidence localizing CaSR protein throughout the basilar aspect of absorptive duodenal epithelial cells exists (7) . However, our qPCR findings in isolated CCK-eGFP cells and immunochemical staining confirm that CaSR is expressed in duodenal CCK-secreting enteroendocrine cells and not absorptive epithelial cells. We cannot rule out, however, the possibility that other enteroendocrine cell types express the CaSR.
We also evaluated isolated CCK-eGFP cells for transcripts of the umami taste receptor, since taste receptor signaling components have been found within isolated cells of the intestinal epithelium (3) and in the STC-1 cell line (13) . This heterodimeric complex of G protein-coupled receptors T1R1 and T1R3, originally described in taste buds of the tongue (28), presented as a potential alternative amino acid receptor to the CaSR in the enteroendocrine cell. However, since T1R1 subunit transcripts were undetectable in our samples, we considered it unlikely that this taste receptor is involved in amino acid detection by the native I cell.
Given that aromatic amino acids allosterically activate the CaSR and that [Ca 2ϩ ] o is essential for hormone secretion, the CaSR is a reasonable candidate for mediating L-Phe-induced CCK secretion in the native I cell. Indeed, [Ca 2ϩ ] o and L-Phe synergistically increase intracellular calcium flux and CCK secretion in the STC-1 cell (16), mirroring the pharmacological profile of the CaSR (12) . And, in our isolated CCK-eGFP cells, L-Phe directly caused a significant increase in intracellular calcium and CCK secretion, the secretion of which was enhanced in the presence of superphysiological [Ca 2ϩ ] o levels. Calcium is a primary agonist for the CaSR, whereas L-Phe requires the presence of calcium to allosterically increase CaSR sensitivity to [Ca 2ϩ ] o (12) . Interestingly, superphysiological [Ca 2ϩ ] o levels alone failed to significantly increase CCK secretion in isolated CCK-eGFP cells. It is well established that extracellular calcium influx by way of L-type calcium channels is required for secretion in response to various nutrients, including L-Phe, in both the STC-1 cell line and in intestinal mucosal cells (21, 25, 30, 38) . Removal of [Ca 2ϩ ] o with EGTA reduces CCK secretion in response to bombesin (40) , peptone, and peptidomimetic antibiotics (30) in STC-1 cells, as well as in perifused rat intestinal mucosal cells in response to monitor peptide (4), bombesin (38) , and the calcium ionophore A23187 (4). However, unlike the parathyroid cell (5) or even the G cell (6), luminal calcium is not a recognized secretagogue for the I cell. Therefore, although [Ca 2ϩ ] o is a requirement for secretory responses to various secretagogues, it alone is not sufficient enough to evoke hormone secretion from the native I cell.
Through interactions with different G proteins, other membrane proteins, and cytoskeletal elements, the CaSR can transduce various signals to regulate specific cellular functions, ranging from cell division and differentiation to hormone secretion (18) . [Ca 2ϩ ] o , aromatic amino acids, and calcimimetics bind different sites of the CaSR (26, 27, 46, 47) To ensure that the enhanced secretory response to L-Phe in the presence of additional [Ca 2ϩ ] o was specific to the CaSR rather than through an alternative nutrient sensor, we measured CCK secretion in CCK-eGFP cells isolated from CaSR null animals, expecting that targeted deletion of the CaSR would render the native I cell unresponsive to L-Phe. Absence of the CaSR not only prevented CCK secretion in response to [Ca 2ϩ ] o and L-Phe, but a trend toward a reduction in secretion, below that of baseline, was observed. This response was specific to allosteric activators or agonists of CaSR and not to a more heterogeneous protein hydrolysate mixture or to the weaker D-Phe isomer (12) , whose modest effect is likely nonspecific to CaSR activation. Hormone secretion in response to CaSRindependent secretagogue KCl was also unaffected in the absence of the CaSR. Moreover, a significant reduction in secretion relative to baseline was observed in CaSR KO CCKeGFP cells given type II calcimimetic cinacalcet. The specificity of this change in secretory behavior in response to CaSR ligands in the absence of CaSR further supports a role for CaSR in CCK secretion. In addition, a receptor-mediated inhibitory pathway appears to have been unmasked in the absence of CaSR expression that clearly reduces secretory function to CaSR-specific ligands.
The mechanism by which CaSR agonists and allosteric activators cause this reduction in secretion in CaSR KO CCKeGFP cells is unclear, but it is unlikely that the effect is due to decreased cellular excitability. ATP-sensitive K ϩ channels regulating basal membrane potential (20, 23) can be affected by CaSR. However, there was no difference in basal secretion between CaSR WT and KO CCK-eGFP cells. Rather, another mechanism that binds similar ligands may be involved. A CaSR splice variant that lacks exon 5, which is believed to encode the [Ca 2ϩ ] o binding region of the NH 2 -terminus, has previously been shown to be expressed within epidermal cells of the CaSR Ϫ/Ϫ mice used in our laboratory's studies (31) . The CaSR Ϫ/Ϫ mice contain a neomycin cassette within exon 5, preventing functional expression of full-length CaSR (17), but the splice variant appears to remain intact in various tissues (31) . Coexpression of the CaSR splice variant reduces downstream intracellular calcium flux and inositol trisphosphate production in response to [Ca 2ϩ ] o in human keratinocytes (32) . Further studies would be important and necessary to evaluate the expression of the CaSR splice variant in the intestinal I cell, and whether this splice variant is driving an inhibitory signaling pathway, reducing hormone secretion in response to CaSRmediated secretagogues.
It is also possible that the CaSR is coupled to other ion channels regulating intracellular Ca 2ϩ entry. Besides the cation channel canonical transient receptor potential 1 (35, 36) , thapsigargin sensitive nonselective cation channels have also been linked to CaSR activation and membrane depolarization in several neuronal cell types, such as murine hippocampal pyramidal cells, rat hippocampal cells, CaSR transfected human embryonic kidney-293 cells, and presynaptic neurons (44 -45) , as well as in insulin secreting ␤-cells and gastrin secreting G cells (42) . Studies in murine neocortical neurons and human astrocytoma cell lines suggest a regulatory role of CaSR on calcium-dependent K ϩ channels influencing membrane excitability (8, 43) . Whether coupling of either of these channels to CaSR, or perhaps L-type calcium channels that drive [Ca 2ϩ ] o entry into the cell (22) , has an effect on CCK secretion remains to be elucidated.
Tryptone significantly increased CCK secretion in CaSR WT CCK-eGFP cells, but, in the absence of CaSR, tryptone's stimulatory effect is no longer significant from baseline. Being an enzymatic digest of casein, tryptone contains a heterogeneous mixture of single amino acids and peptides. By genetically deleting the CaSR, any stimulatory effect from the amino acid component of tryptone would be lost. However, unlike what was observed in response to L-Phe, [Ca 2ϩ ] o , and cinacalcet, tryptone continues to display an upward trend in CCK secretion. This may be due to the presence of other membrane protein receptors that sense peptides. Such candidates include the peptone receptor GPR92/93 (10) and the proton-coupled oligopeptide transporter PepT1 (24) , whose gene expression was demonstrated in the initial qPCR screening of CCK-eGFP cells. However, given that neighboring enterocytes also possess GPR92 (9) and PepT1 (37), further studies are required to determine whether these candidates have a direct, rather than an indirect, effect on hormone secretion in the native cell.
Given the present findings, we suggest that the CaSR offers a functional role for cellular activity in response to L-Phe. The mechanism requires further study, but we hypothesize that the CaSR modulates signaling pathways that open calcium channels, allowing [Ca 2ϩ ] o entry and intracellular Ca 2ϩ influx leading to CCK secretion. In the absence or antagonism of CaSR, a receptor-mediated inhibitory pathway (perhaps mediated by the CaSR splice variant) is activated to prevent secretory vesicle release, resulting in the inhibition of hormone secretion. This inhibitory pathway may also explain the negative trend that is seen in response to CaSR-specific ligands in the CaSR Ϫ/Ϫ CCK-eGFP cells. It is becoming increasingly apparent that multiple modalities for the detection of dietary protein digestive products exist, illustrating the complexity of nutrient sensing in enteroendocrine cells.
